This study contrasts characteristics of mature squall-line mesoscale convective systems (MCSs) observed by extended ground-based radar wind profiler (RWP) deployments from the U.S. Department of Energy Atmospheric Radiation Measurement program. This analysis compares the dynamical structure, precipitation, and cold pool properties associated with MCS events over RWP sites in Oklahoma, USA, (midlatitude) to those observed during a 2-year RWP deployment to Manaus, Brazil, during GoAmazon2014/5 campaign (tropical). The MCSs indicate similar convective line rainfall rates and total rainfall accumulations. However, midlatitude events suggest a larger fractional stratiform contribution to total precipitation. For both regions, convective line cold pools are associated with sharp decreases (approximately 10 K) in the surface equivalent potential temperature ( e ) near the time of line passage. Surface e properties for both regions suggest a modest relationship between rainfall rate and the probability of observing measurable surface rainfall. The probability of observing convective updrafts in both tropical and midlatitude MCS events is found to be similar as a function of low-level radar reflectivity. However, midlatitude MCSs are associated with more intense convective updrafts, with upward air motions (mean, maximum) peaking at higher altitude. The most pronounced contrast is the propensity for deeper and more intense downdrafts in midlatitude MCSs. An analysis based on observed downdraft properties is performed using simple mixing assumptions. For these events, the vertical gradient of e in the lower troposphere is relatively consistent between the Amazon and Oklahoma, suggesting similar mixing rates for downdrafts originating below 3 km (0.1 km −1 ). However, if downdrafts originate nearer to the level of minimum e at SGP, mixing may be occurring at rates comparable to 0.3 km −1 .
Introduction
Deep convective clouds control atmospheric circulations, influencing remote cloud environments that feedback to climate sensitivity (e.g., Del Donner et al., 2016; Gettelman & Sherwood, 2016; Sanderson et al., 2008; Sherwood et al., 2014; Trenberth et al., 2009) . Among the largest and most intense convective clouds, mesoscale convective systems (MCSs) help regulate the global energy and water cycles through their extensive cloud coverage and the exchange of latent heat (e.g., Fritsch et al., 1986; Hartmann et al., 1984; Houze, 2004; Houze Jr. 2018) . For the tropics and during the midlatitude warm seasons, MCSs contribute a significant portion of the total rainfall (e.g., Del Genio & Kovari, 2002; Nesbitt et al., 2006; Roca et al., 2014) . Under warming climate scenarios, convection-permitting models (CPMs) that allow more realistic MCS treatments in global climate models (GCMs) indicate an enhancement in the frequency of extreme MCS events over North America, associated with increases in maximum rainfall rates and flooding risks (Prein et al., 2017) . Extended MCS summaries performed using the WSR-88D NEXRAD network also indicate an increase in the frequency and intensity of longer-lasting MCSs, attributed with the rise in extreme precipitation events .
Numerous studies have contributed to our understanding of MCSs and their interactions with the larger-scale environment and climate system (e.g., Houze, 2004; Houze Jr. 1989 , 2018 Johnson & Hamilton, 1988; Leary & Houze, 1979; Parker & Johnson, 2000 , 2004 Rotunno et al., 1988; Schumacher et al., 2004) . Unfortunately, current GCMs do not properly simulate MCS role in our climate system, since relevant MCS processes operate across GCM resolved and parameterized scales (e.g., Donner, 1993; Donner et al., 2001; Mapes et al., 2006; Moncrieff, 1992) . Even as new computing resources allow CPM or cloud-resolving model capabilities to better resolve MCSs to global scales (e.g., Bretherton & Khairoutdinov, 2015; Leutwyler et al., 2016; Skamarock et al., 2014) and the rapid development of CPMs quickly led to many model-driven MCS process studies (e.g., Barnes & Houze Jr. 2016; Lafore & Moncrieff, 1989; Morrison et al., 2009; Skamarock et al., 1994; Trier & Sharman, 2009) , inadequate observational constraints inhibit high-resolution convective model process improvement (e.g., Del Donner et al., 2016; Fan et al., 2017; Mrowiec et al., 2012; Varble et al., 2014) . Perhaps the most fundamental property of deep convection is its vertical air motion, in the form of updraft and downdraft. The understanding of convective dynamics and microphysics depends critically on knowledge of these motions. Yet these motions are among the most difficult aspects of convection to measure and have consequently long been poorly documented by direct observations. Historically, the best observations of deep convective updraft and downdraft velocity have been collected by aircraft (e.g., Byers & Braham, 1948; LeMone & Zipser, 1980; Stith et al., 2004; Zipser, 1977) . However, the cost and hazards associated with operations in thunderstorms limits data availability (and therefore generalizability) as to the structure, intensity, and variability found with deeper convective drafts. For severe thunderstorms and MCSs, several studies instead draw from scanning Doppler radar for kinematic characteristics (e.g., Biggerstaff & Houze, 1991; Cifelli et al., 2002 Cifelli et al., , 2004 Heymsfield & Schotz, 1985; Roux, 1988; Silva Dias et al., 2002; Smull & Houze, 1987) . For 3-D wind field retrievals to scales O(>1 km), examples of multi-Doppler techniques applied to MCS events are also limited, primarily because suitable radar networks are uncommon outside of field campaigns (e.g., Collis et al., 2013; North et al., 2017) . For higher-resolution column updraft sampling, profiling radars have also resurfaced as an alternative for statistical core size-intensity relationships and mass flux properties (e.g., Giangrande et al., 2013 Giangrande et al., , 2016 Kumar et al., 2015; May & Rajopadhyaya, 1996 , 1999 Williams, 2012) . Radar wind profilers (RWPs) have been previously deployed for several MCS field campaigns to characterize the horizontal wind, vertical air motion, and precipitation structure (e.g., Atlas et al., 2003; Augustine & Zipser, 1987; Cifelli & Rutledge, 1994 , 1998 Lerach et al., 2010; May & Keenan, 2005; May et al., 2002; May & Rajopadhyaya, 1996) . When optimized for precipitation studies (e.g., Tridon et al., 2013) , even nontraditional RWP applications allow high-resolution O(200 m to 1 km) and high-accuracy (1-2 m/s) vertical air motion retrievals into deeper convective cores.
This study presents an extended RWP application to help address deficiencies in our understanding of MCS kinematics and coupled precipitation processes. Our motivation is to further characterize MCS kinematic structure by exploring bulk MCS properties from two archetypal continental locations to demonstrate regional (midlatitude, tropical) and select seasonal variability. These characterizations are drawn from a multievent data set collected by the U.S. Department of Energy's (DOE) Atmospheric Radiation Measurement (ARM, Mather & Voyles, 2013) program field site in Oklahoma, USA, and Mobile Facility (Miller et al., 2016) deployment in the Amazon Basin. Emphasis for the current study is on composite mean vertical air motion profiles and normalized time-height characteristics for the passage of intense (e.g., rain rate > 10 mm/hr) and mature (e.g., precipitating line) stage MCSs over the RWPs. Our dynamic studies focus on the convective line regions of these events and do not emphasize the transition to weaker mesoscale updraft/downdraft features that are observed, yet more difficult to quantify reliably with current technologies (e.g., Houze Jr. 1977; Zipser, 1977) . Our analysis on leading squall-line/trailing-stratiform organization events also reflects only a subset of the arrangements and/or process interactions associated with MCSs (e.g., Houze Jr. 2018) and is not intended to represent all modes or life cycle stages for midlatitude or tropical MCSs. Surface precipitation breakdowns (e.g., convective-stratiform precipitation) and cold pool properties for the two regions are discussed. These efforts include additional analyses following Schiro and Neelin (2018) on the effect of the MCSs on the surface thermodynamics, the origin height of MCS downdrafts, and discussions on regional and seasonal variability therein.
Data and Methods
The primary data set for this study considers continental-tropical MCS characteristics collected by the U.S. DOE ARM facility during its "Observations and Modeling of the Green Ocean Amazon 2014-2015" (herein, GoAmazon2014/5 or MAO) campaign near Manaus, Brazil, from March 2014 through December 2015 (e.g., Martin et al., 2017 Martin et al., , 2016 . The main MAO site in Manacapuru has many collocated ground-based sensors, including an RWP and meteorological state instruments. Radiosondes are launched daily from the site at 6-hr intervals. An overview of campaign instrumentation, for environmental and cloud profiling is found
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in Giangrande et al. (2017) . Additional coverage for MCS events was provided by System for the Protection of the Amazonia S-band surveillance radar, located at 3.15
• S, 59.99
• W, to ensure selection of convective lines passing over the MAO site (visual inspection). In total, 45 MCS events were identified for this deployment, with 24 "Wet" season (December through April), 10 "Dry" season (June through September), and 11 "Transitional" season (March, October, and November) examples (Table S1 in the supporting information). Amazon events also satisfy MCS criteria outlined in the complementary work by Schiro and Neelin (2018) . These criteria include that MCS events have a surface equivalent potential temperature ( e ) drop greater than 5 K within 30 min of line passage and a maximum precipitation rate exceeding 10 mm/hr within the convective line. The representativeness of thermodynamic profiles has been modified from the requirements used by Schiro and Neelin (2018) to selecting events having radiosonde launches in advance of the convective line/cold pool that are launched less than 4 hr prior to line passage over the RWP.
A complementary midlatitude MCS data set was collected at the ARM Southern Great Plains (SGP) supersite near Lamont Oklahoma, USA (Sisterson et al., 2016) . These observations are selected from the period between 2012 and 2016, when four RWPs continuously operated at the site (three at extended facilities, one at the Central Facility [CF] in Lamont, OK). Further information on the distributed ARM SGP radar facility, including site maps for RWP placement, are found in Jensen et al. (2016) and North et al. (2017) . Sixteen SGP MCS cases were selected following the criteria outlined for Amazon events. Although data were not always available from all four RWPs for each SGP event, events always included the data from two RWP locations. We provide a list of SGP events in Table S2 , including the additional storm information.
The ARM RWPs operate at ultrahigh frequencies (300 MHz to 3 GHz) and have been reconfigured to allow precipitation sampling that frequently points vertically and collect data through the depth of deep convective cells (to 17 km, e.g., Tridon et al., 2013 Giangrande et al. (2013 Giangrande et al. ( , 2016 . The Amazon retrievals were performed using a different fall speed relationship (Giangrande et al., 2016, their Figure 5 ) than the original SGP methodology (Giangrande et al., 2013) , which assumes a higher propensity for small, faster-falling mixed phase particles in Amazon events. During this retrieval approach, RWP columns are designated as "convective" or "stratiform" based on an echo classification method from Williams et al. (1995) and Giangrande et al. (2013 Giangrande et al. ( , 2016 . Additional interpretation of these RWP classifications is found in the GoAmazon2014/5 surface drop size distribution and rainfall studies performed by Wang et al. (2018) .
Standard ARM meteorological instrumentation at the SGP CF and GoAmazon2014/5 MAO site provide 1-min observations of quantities including the air temperature, relative humidity, and rainfall rate. The e is estimated following Bolton (1980) . Thermodynamic profiles are obtained from radiosondes following standard ARM processing (Vaisala RS-92 radiosondes [Jensen et al., 2015] ). For composite MCS characteristics, we present in the following sections, MCSs are aligned in time by using the time of the maximum surface rainfall rate (R; time = 0). The approach is similar to the compositing performed by Schiro and Neelin (2018) that was accomplished using a reference time associated with the minimum in e attributed to the convective cold pool. For both data sets, the choice of maximum R or the use of the minimum in e yields similar results (not shown). This decision to use R was necessary to include observations from the satellite RWP locations around the SGP CF that did not have the collocated instrumentation to estimate e .
Overview of MCS Composite Characteristics
Thermodynamic and Precipitation Profile Behaviors
In Figure 1 , we show the composite Skew-T Log-P diagrams from the radiosondes launched prior to convective lines for MAO and SGP MCSs. Shading on these composites indicates areas associated with composite convective available potential energy (CAPE, red) and convective inhibition (CIN, blue). Surface parcels for CAPE and CIN estimates are defined by the level of the maximum virtual temperature in the lowest kilometer. This represents the most buoyant parcel in the boundary layer and maximizes the calculated values. Thus, the shadings are comparable to "most unstable" CAPE/CIN (MUCAPE/MUCIN), as reported in Tables S1 and S2. Other basic convective forcing parameters are also calculated from these radiosondes following Jensen et al. (2015) . The 0-to 5-km wind shear is typically higher at the SGP, while 0-to 5-km mean RH is substantially lower in the hours prior to convective line passage. The mean ELR is much steeper for the Oklahoma MCSs (7.4
• C/km) compared to the Amazon (5.3
• C/km) in the 3-to 6-km range, which could favor more intense convective vertical air motions for these SGP events. The Amazon sounding composite demonstrates a "skinny" CAPE profile throughout the depth of the troposphere compared to the SGP composite, with lower mean low-level CAPE (546 J/kg, 4 km above the level of free convection, to 684 J/kg at SGP) possibly indicative of more effective entrainment for MAO MCSs (e.g., . For additional convenience, we plot histograms for SGP and MAO wind shear, MUCAPE, and MUCIN estimates in supporting information Figures S1 and S2.
In Figure 2 , we composite (data set mean and standard deviation) surface thermodynamic quantities and rainfall rates over the set of MAO (green lines, shading) and SGP (orange lines, shading) MCS events. A listing for these events and their timing is provided in supporting information Tables S1 and S2. A similar composite for MAO MCS events separated according to Amazon seasonal regimes is shown in Figure 3 . Event convective and stratiform precipitation accumulations (as designated using RWP echo classification methodologies) are reported in Tables S1 and S2 .
Surface thermodynamic measurement composites in Figures 2 and 3 highlight key similarities and differences for regional/seasonal MCS characteristics. During MCS passage, the most prominent surface thermodynamic feature is that of the cold pool associated with these lines. As in Figures 2e and 2g and Figures 3e and 3g, we observe a rapid drop in the mean surface specific humidity (q) and temperature (T), around 1.5 (MAO) to 2 g/kg (SGP) and 4 (MAO) to 5 K (SGP), respectively. Although the starting surface conditions are different for each region, both data sets record a mean e drop of approximately 10 K during this passage of the convective line (e.g., Figure 2a ). The drop is also associated with an increase in the relative humidity (RH) at the leading edge of the cold pool, to a composite mean value of 96% for MAO and 93% for SGP ( response to the surface pressure rise (e.g., Engerer et al., 2008; Fujita, 1963; Schiro & Neelin, 2018; Vescio & Johnson, 1992) . For MAO events, the wind shift is less pronounced, whereas SGP events are associated with frontal passages and winds shifting westerly behind these fronts.
To explore MCS cold pool properties further, we relate the precipitation, temperature, and specific humidity changes observed at the surface to the distribution of e for the two sites ( Figure 4 ). These comparisons help to bound downdraft behaviors we will explore in subsequent sections. In Figure 4a , we group surface precipitation rates in terms of coincident surface e changes ( e increments set at 1 K, for 30-min intervals to within ±1 hr of the maximum R). The plot includes the probability for observing measurable precipitation (defined as surface R > 2 mm/hr) for our given e bins ( Figure 4b ). In addition, we show the corresponding changes to the surface specific humidity and temperature in conjunction with the changes in e (Figures 4c  and 4d ).
The MCS observations in Figure 4 suggest that the substantial decrease in surface e occurs coincidently with the heaviest precipitation. The relationships we observe for SGP and MAO are consistent with previous Amazon results presented in Schiro and Neelin (2018) . The lower bound observed for e is recorded down to −15 K, is also associated with T and q to −5 K and −3 g/kg, respectively. As found in Figure 2h , there is an increase in the surface pressure that is typically larger for SGP events. This agrees well with the indication that SGP MCS cold pools are associated with slightly larger decreases in temperature for a similar value of e (e.g., Figure 4d ) and that drier midlevel environments are favorable for additional evaporative cooling for similar precipitation. Nevertheless, the similarity between the MCS observations to include the modest correlations between R and e may also argue these relationships as a possible constraint for downdraft parameterizations.
For the associated precipitation characteristics, these squall-line events exhibit similar total rainfall accumulation (approximately 25 mm, as in Tables S1 and S2 ) and convective line rainfall (rates to approximately 80 mm/hr, Figure 2c ). The more significant discrepancies are found when examining the differences in precipitation contributions from the convective line and trailing stratiform precipitation regions (as designated by RWP observations coupled with the surface instruments). For example, MAO MCSs suggest that the convective line heavily contributes to the total rainfall (i.e., 80%) when compared with data set observations from SGP events (approximately 57%). As discussed by Wang et al. (2018) for Amazon events, we note that our uncertainty in the contribution of convective line precipitation to the total MCS rainfall is approximately 5%, as a fraction of the precipitation has been designated as transitional. These transitional regions include the rearward periphery of the convective lines lacking prominent convective or stratiform radar process signatures in the RWP columns.
When comparing MCS precipitation properties of the Amazon to those of Oklahoma, it is also important to mention the role of baroclinic instability in the formation and evolution of these MCSs. As this forcing is nonexistent in the Amazon, this is one simple explanation as to this particular subset of midlatitude MCSs favoring an enhanced stratiform contribution (i.e., SGP events associated with enhanced background forcing coupled with ice processes favoring additional warming aloft, etc.). Similarly, although we attempt to identify MCS as "mature" in life cycle stage as based on having squall-line features and trailing stratiform shields, we recognize these characteristics as subjective life cycle markers, with the MCS passing over SGP CF typically initiating and/or developing further upwind of their respective site. Moreover, several studies indicate that relative convective and stratiform contributions may vary significantly to within early-mature (updraft dominant) to later-mature (downdraft dominant) stages (e.g., Feng et al., 2018) . Finally, manual inspection indicates that RWP column observations do not always generalize MCS precipitation, as this requires assuming steady state life cycle features, as well as favorable symmetry in our trailing-type linear MCS modes (e.g., Parker & Johnson, 2000) .
For completeness, one final physical explanation for the differences in the stratiform precipitation contribution is the potential role of wind shear or other environmental factors in MCS organization. For example, weaker wind shear environments at MAO may promote slower convective cells or more upright convective cores less likely to detrain media to developing stratiform regions (e.g., Parker & Johnson, 2000; Romatschke & Houze, 2010; Rotunno et al., 1988) . In supporting information Figure S3 , we present a scatterplot of the 0-to 5-km wind shear versus the fractional stratiform precipitation for each event. While a positive correlation is found between these quantities (r ∼ 0.5) across the entire data set, we caution that this correlation is tenuous (Simpson's paradox, e.g., Blyth, 1972) , as individual regional positive correlations are substan- tially weaker (r ∼ 0.1). This lack of correlation is not unexpected, especially if considering other potential larger-scale environmental controls. For example, Amazon Dry season events record the lowest total and relative stratiform precipitation contributions. This reduced MCS precipitation may also be consistent with changes in the middle-to upper-level moisture that promote increased evaporation and/or reduction in depositional growth.
Radar Reflectivity and Vertical Velocity Characteristics
In Figure 5 , we plot time-height RWP quantities of the mean radar reflectivity factor (<Z>), the retrieved mean vertical air velocity (<W>), and the 95th percentile vertical velocity. These fields are composited in time-height in a similar manner to surface measurements from Figures 2 and 3. A 2-hr window centered on the maximum R (time = 0) highlights the convective regions where vertical air velocity retrievals are most reliable. Note, composites that account for a radar-based convective line propagating speed have been performed (not shown) but indicate qualitatively similar features as pertaining to the discussions that follow. Note, these images mask out vertical air velocity retrievals in the vicinity of the melting layer due to concerns with the accuracy of the retrieval methods (e.g., Giangrande et al., 2016) . Temperatures from radiosonde observations (interpolated in time) have also been overlaid on the upper panels. Additional composites for the Amazon MCSs under Dry, Wet, and Transitional season breakdowns are found in Figure 6 . Structurally, the MAO and SGP MCS events share similarities with an enhanced reflectivity factor (mean exceeding 40 dBZ) near the time of convective line passage as expected given the strong association between Z and R. A characteristic radar bright band (BB) aggregation signature (e.g., Fabry & Zawadzki, 1995) within the trailing stratiform regions is observed close to the 0
• C level for both regions. Reflectivity factor magnitudes to all altitudes within the trailing stratiform region are typically larger for SGP MCS composites, suggesting the more prominent role of depositional growth, aggregation processes, and surface stratiform precipitation as argued previously. Moreover, SGP composites indicate a more intense composite BB signa- ture and Z values in the rain regions beneath, in alignment with the expected presence of additional, larger particles, and/or higher stratiform rainfall rates. Signatures of an upper-level leading anvil clouds are also more prominent in the SGP MCS composites. The presence of this anvil clouds is also reflected by the surface radiational cooling trend we observe in composite temperature measurements at SGP (Figures 2a and 2e ).
The more intense updrafts are often observed in the middle and upper troposphere and near the time of convective line passage (i.e., time = 0, Figures 5c and 5d ). The 95th percentile velocities (Figures 5e and 5f ) indicate that the strongest convective air motions accompany line passage and slope rearward in time-height into the stratiform regions. The maximum values for updrafts are typically found at the highest levels (10-15 km) over both regions, well within ice regions. One possible explanation for these intense updraft observations follows from previous arguments regarding the release of latent heat of fusion/freezing of condensate in these regions (e.g., Zipser, 2003) . The indication is that the more intense updrafts extend rearward in these composites just prior to the signatures for the onset of aggregation processes and accompanying radar BB signatures beneath. The regions above the melting layers aloft still suggest moderate upward motions consistent with the ideas of the general ascending mesoscale flow and/or decaying cells moving rearward (e.g., Yuter & Houze, 1995a , 1995b . A pronounced precipitation-driven downdraft signature is also consistently found in the composites for both regions, beneath the more intense updraft cores. Strong upper level downdrafts are also observed (as better highlighted in subsequent figures), with SGP MCS events favoring more intense downdrafts over the depth of these MCSs. Similar observations for more intense, nonprecipitation-driven downdrafts to higher altitudes have been previously identified with scanning radars in cumulative velocity coverage profiles by Yuter and Houze (1995b; e.g., their Figure 4 ) and in profiling radar observations (e.g., May & Rajopadhyaya, 1999) . To within the stratiform regions beneath the BB, there is also descending motion, as consistent with the ideas for a secondary mesoscale downdraft.
Although these temporal composites are informative, some caution is advised. Event-to-event variability in convective line motion or wind shear conditions will introduce variability in the appearance of upright or sloped updrafts. Since additional storm motion and wind shear variability is observed during SGP MCS events, this acts to smooth SGP composite signatures relative to MAO events around the location of the maximum R. As our composite depictions are not steady state, the convective line properties are not those directly associated with the properties of stratiform regions. Nevertheless, this would also be a concern for composites drawn from single time "slices" through an MCS, as stratiform and convective processes operate over different time scales.
For the seasonal breakdowns shown in Figure 6 , the Amazon MCS structures are in agreement with previous arguments for surface characteristics shown in Figure 3 . As storm motions and wind shear magnitudes are similar across all Amazon events, interpretation for these composite images is more straightforward. Transitional and Wet season precipitation favor more well-developed stratiform regions having larger reflectivity factors. Dry and Transitional season composites suggest larger reflectivity factors in the convective lines, consistent with previous studies that indicate these events as having more intense convective precipitation or updraft properties (e.g., Giangrande et al., 2016; Machado et al., 2004) . Wet and Transitional seasons favor more ubiquitous upward motions to most levels and deeper moisture conditions conducive to inflow through a deep lower tropospheric layer (e.g., Schiro & Neelin, 2018) . The Dry season indicates more intense and more frequent downdraft signatures, consistent with drier midlevel humidity conditions promoting additional evaporative cooling and therefore more intense downdrafts to higher altitudes.
Composite MCS Updraft and Downdraft Statistics
Updraft, Downdraft, and Mass Transport Profiles
In Figure 7a , we plot the data set mean, 5th and 95th percentile values for the vertical velocity profiles as observed within the convective line regions for MCS events. Qualitatively, these profiles are consistent with deep convective vertical velocity profiles found in previous RWP studies for these locations (e.g., Giangrande et al., 2013 Giangrande et al., , 2016 . For these events, the mean W profile during MAO MCSs is dominated by updrafts (2-12 km), whereas for SGP MCSs, the mean vertical air motion is negligible and/or skewed toward downward motions at lower altitudes. The 5th and 95th percentiles of W suggest similar magnitudes for the statistical vertical air velocity properties within MCSs. In following the discussions from the previous section, mean vertical air velocity profiles may also be influenced by the frequency and/or magnitudes of updrafts and downdrafts sampled. In this regard, these profiles may be influenced by disproportionate samples (in terms of poor event selection or representativeness of updraft/downdraft fraction therein).
To vary our characterization of MCS vertical motions, we also plot the mean and 95th/5th percentile updraft (W > 1 m/s) and downdraft (W > −1 m/s) profiles in Figure 7b . The two locations retain a similar vertical velocity profile shape. However, vertical air motions within SGP MCSs are typically more intense in terms of mean and percentile behaviors when conditionally sampled to updraft/downdraft regions. For all velocity observations in Figure 7 , the number of valid observations decreases with altitude. Thus, the strongest/deepest convective cells will exclusively dominate these profile behaviors, whereas lower altitudes carry contributions from all cloud depths.
To better account for variations in convective cloud depth, we sort RWP observations based on the radar echo top height (ETH). In Figure 8 , we plot the mean, 95th-, and 5th-percentile convective vertical velocity profiles according to convective ETH in 1-km bin increments. For these plots, the ETH is defined as the altitude where Z in the clouds drops below 10 dBZ. Based on initial inspection of Figure 8 , this relative 10-dBZ value is also a reasonable approximation for cloud top height since the mean vertical air velocity profiles approach 0 m/s along the one-to-one line between ETH and height above the ground. The gray lines overlaid on Figure 8 indicate the number of samples for each ETH increment. A similar set of plots for MAO seasonal breakdowns is provided for additional reference in Figure S4 . Mean profiles of mass transport as a function of ETH are obtained by weighting the measured vertical air velocities by the air density (as based on nearby radiosonde profiles for each event) but mirrors the profiles of the vertical velocity (see Figure  S5) . The difference between MAO and SGP mean mass transportation profiles is provided in Figure S6 . This suggests larger upward and downward mass transport for SGP MCSs to within the deeper ETH convective regions.
The ETH sorting approach for profiling helps to highlight several structural differences between the velocity properties of the two MCS regimes. Within the deeper parts of the convective lines, larger mean, and 95th-percentile updrafts are observed, and mean updraft properties are found to increase in magnitude with height. Peak updraft velocities (95th percentiles) are observed at approximately 10 and 12 km for MAO and SGP, respectively (Figures 8b and 8e) . The mean and 95th percentile upward motions are significantly weaker within the deeper portions of the MAO MCSs. The MAO mean profiles are more dominated by updrafts than SGP profiles (e.g., Figures 8a and 8c) , with MAO mean downdraft profile signatures weaker and concentrated well below the ambient freezing level. The low-level air motions and upward and downward mass transport for MAO MCSs are similar in magnitude even to these mature stages ( Figure S5 ), suggesting negligible net mass flux at low levels consistent with several previous studies (e.g., Frank & McBride, 1989; LeMone & Zipser, 1980; May & Rajopadhyaya, 1996) . However, SGP mean and 95th vertical velocity profiles indicate more intense updrafts, peaking at higher altitudes. Figure 8 also suggests the more prominent role of downdrafts at all altitudes within SGP MCS convective regions. This includes larger mean downward profile values concentrated in the lower 6 km, as well as larger 5th percentile maximum downward velocities observed at all altitudes in higher ETH parts of the convective lines (Figure 8f ). Nevertheless, a secondary peak in downdraft frequency and intensity at higher altitudes (nonprecipitation driven) is also observed at MAO as previously suggested by Yuter and Houze (1995b) . Seasonal MAO variability, as shown in supporting information Figure S4 , is noisy and possibly reflects some limitations for our Amazon RWP sampling. However, the profiles are consistent with the Dry and Transitional seasons favoring the larger mean and maximum profile updrafts, and the Dry season favoring deeper and more intense mean profile downdraft signatures.
Overall, combining the information from Figures 5 and 8 , the vertical velocity characteristics at MAO suggest the consistent presence of upward air motions from the surface to upper levels associated with convective line passages. In this way, MAO events favor more ubiquitous but weaker mean and maximum upward motions and fewer downdrafts (with bimodality for lower and upper levels). In contrast, SGP events record the stronger updrafts and downdrafts (magnitudes and mean profile values), as well as the more prominent precipitation-driven downdrafts. We also observe an increased downdraft frequency and stronger downdraft intensities to most altitudes. Therefore, while Amazon composites in Figure 5 indicate updrafts as prominent features, those higher composite values simply suggest that there is less variability in the presence of MAO updrafts around the time of maximum R. Similarly, the dominant downdraft signatures at SGP and absence of a persistent updraft feature reflects on downdraft frequency and intensity for the regions adjacent to that maximum R.
While larger MUCAPE values are consistently observed for MAO events (Table S1 and composite radiosonde in Figure 1 ), the SGP MCS environments are associated with larger MUCIN values and steeper ELRs. The combination of (i) enhanced background (frontal) forcing, (ii) capped (high-CIN) environments aiding in the development of an unstable air mass during the hours prior to convective triggering, and (iii) these steeper lapse rates for SGP events likely explains the updrafts we observe and the lack of correlation with the MUCAPE parameter. Higher wind shear for SGP events may also promote sloped (less upright) updrafts that 10.1029/2018JD030087
could reduce the role of precipitation drag that may impede storm updrafts. As before, larger magnitudes for air motions aloft in the 10-to 15-km range may also follow from the release of latent heat of fusion/freezing of condensate in these regions (e.g., Zipser, 2003) . The precipitation-driven downdrafts and intercomparison between Amazon and Oklahoma will be further discussed in subsequent sections. However, we will note that both the SGP and the Amazon Dry season favor drier midlevels, which likely contributes to enhanced downward vertical air motions and potentially more intense cold pools (through evaporative cooling).
Updraft and Downdraft Probability
As first suggested by Schiro and Neelin (2018) , the probability of observing updrafts and downdrafts within RWP columns as a function of radar reflectivity is plotted (Figure 9 ). These plots align with previous statements on updraft/downdraft frequency and provide a simple reference that couples dynamic and microphysical quantities typically available from cloud-resolving models with forward radar operators. As with velocity profiles, these probability charts reflect properties from convective line regions as designated by echo classification. Dashed lines on the plots indicate the number of samples within each Z bin. The solid lines indicate the likelihood to observe any instance of vertical air motions in the column exceeding 1, 3, and 5 m/s, respectively.
At lower altitudes (2-km altitude, Figure 9a ), weaker precipitation regions (i.e., Z < 35 dBZ) indicate a small percentage of columns have instances of upward vertical air motion. The probability to observe convective air motions W > 3 m/s is negligible for weaker values of Z typically located near the periphery of the convective lines. As Z increases into higher precipitation regions, the likelihood for sampling a convective updraft in the column also increases. This low-level relationship between Z and convective updraft probability holds across both regions. The likelihood to observe an upward motion W > 3-5 m/s within intense convective regions (Z > 50 dBZ and/or approximately 80 mm/hr) is below 30%, although half of these intense convective columns record an instance of W > 1 m/s.
The probability of observing downdrafts is less dependent on the lower-level Z (proxy for precipitation rate), with higher Z values typically weakly associated with a higher chance to observe an intense downdraft (Figure 9c) . The low-level results generally align with those from Figure 4 that suggest the colder cold pools are those associated with the higher rainfall rate (or Z) regions. The most striking difference in downdraft behaviors is an overall increase in frequency of significant downdraft observations at SGP, in alignment with previous mean profile and composite expectations. The likelihood to observe a lower-level downdraft at SGP is approximately double that at MAO and persistent for all relative Z (precipitation) conditions. Overall, the probabilities for observing significant downdrafts W < −3 m/s in the most intense portions of the convective lines (e.g., Z ∼ 50 dBZ, approximately 10-20% columns having downdrafts) are lower than those for updrafts (approximately 30%), with downdrafts typically more common than updrafts in the lower-level periphery (Z < 35 dBZ) convective precipitation regions.
For higher altitude updraft behaviors (6-km altitude, Figures 9b and 9d) , we still observe an increasing likelihood to observe a more intense vertical air velocity to higher Z values. These bulk probabilities have shifted higher, which is anticipated since a similar Z intensity at a higher altitude argues for a stronger storm (e.g., Zipser & Lutz, 1994) . Amazon MCSs suggest a higher likelihood to record upward motion W > 3 m/s for the same relative Z value as SGP. Physically, this should also be anticipated since these storms are required under bulk Amazon thermodynamics conditions to achieve similar Z magnitudes to similar altitudes, based on propensity for graupel and/or hail production. As with downdraft properties and their relationship to lower-level Z, there is a slight enhancement in downdraft frequency for storms with elevated reflectivities (e.g., having Z > 30 dBZ) in convective regions. Nevertheless, the probability for observing significant downdrafts W < −3 m/s is typically below 20%. As before, the relative increase in downdrafts we observe with increasing Z is associated with those columns having intense convective precipitation cores. Unlike the Z properties at 2 km, we find that the probability of pinpointing columns with vertical motions W > 3 m/s is more successful at 6 km, speaking to the improved success in relating convective updraft intensity to integrated column Z measurements (e.g., Zipser & Lutz, 1994) . Similar probability calculations have been performed on two temperature levels (15 and −10 • C) for both sites (not shown). Overall, the updraft and downdraft behaviors are very similar as reported in Figure 9 . 
Mixing and Source of Downdraft Air
Although convective precipitation rates and associated cold pools share several aspects in our bulk MCS depictions, one key discrepancy between MAO and SGP events is the change in the frequency, vertical extent, and intensity of downdrafts. To investigate the downdraft origin heights and associated properties, many methods have been suggested (e.g., Betts, 1976; Betts & Silva Dias, 1979; Betts & Jakob, 2002; Brancato, 1942; Fawbush & Miller, 1954; Foster, 1958; Rasmussen et al., 1994; Schiro & Neelin, 2018; Zipser, 1969) . In this study, e is used as a tracer, since it is nearly conserved for both dry and moist adiabatic processes (no mass and energy is exchanged with the environment). As an initial approach, we assume that no mixing occurs between the air parcel and the environmental air and that the downdraft originates from a single level. Here tracing the surface e within MCS cold pools to the corresponding value aloft as obtained from radiosondes may serve as one reference for an initial downdraft level. However, air parcels of lower e transported through downdrafts are likely diluted by high e environment air from the boundary layer through turbulent mixing (e.g., Schiro & Neelin, 2018) . Thus, downdraft air parcels ending with the same surface e may originate from multiple heights. Therefore, our MCS radiosonde analysis will also consider the potential mixing associated with downdrafts.
Composite behaviors for the probability of observing downdrafts (W > −1 m/s) and updrafts (W > 1 m/s) for selected MAO and SGP MCSs are plotted in Figure 10 . Low-level downdrafts are predominantly associated with deep convective clouds and coincident with the maximum convective rainfall rate. There is a higher probability to observe significant downdrafts for SGP MCSs, as also suggested from previous depictions in Figure 9 . The SGP events also suggest a higher probability to observe significant downdrafts over a greater atmospheric depth (to 6 km) when compared to Amazon events (e.g., Figures 11a and 11b) . For updraft properties, the patterns are qualitatively similar, with the highest probability to observe a significant updraft W > 1 m/s typically located to with 30 min of the maximum rainfall rate (Figures 11c and 11d) .
In order to assess the nature of mixing that could be occurring between the downdrafts and their surrounding environments, a range of assumptions is tested in Figure 11 . We first average e profiles as estimated from the closest radiosondes (as listed in supporting information Tables S1 and S2) prior to convective line passage over RWP locations to best approximate prestorm MCS environments for these events. Since the diurnal behavior for MCS events was not always similar, the averaged e profiles derived from radiosondes launched at different launch times are also overlaid as reference to this. As from previous sections, low levels are cooled after convective line passage, which leads to a substantial e drop at the surface of approximately 10 K for these SGP and MAO events (e.g., Figure 2a ).
Potential origin heights of downdrafts are examined by assuming different bulk mixing rates (constant with height), calculated following methods in Schiro and Neelin (2018) . First, we consider a case in which downdrafts travel undiluted to the surface, conserving e . For this analysis, we subtract 10 K from the mean surface e value ( e,sfc ) from the radiosonde profile and determine the height at which e,sfc -10 K is observed in the profile. The height of the crossing point for this line with the sounding e profile is assumed as the initial altitude of an unmixed downdraft parcel. These values are approximately 2.4 km for MAO (similar to that reported in Schiro & Neelin, 2018 ) and 2.8 km for SGP. Thus, it is likely that MCS downdrafts are originating at higher altitudes in both regions, on average, if mixing occurs between the downdrafts and their environments.
For both MAO and SGP events, if assuming a constant linear mixing rate ( ) of 0.1 km −1 , the origin height of air parcels descending to the surface increases to approximately 2.8-3 km. This is illustrated by the dashed red lines on plots in Figure 11 . Parcels descending to the surface from a height of 4 km would have experienced a larger mixing rate, = 0.24 km −1 for SGP and = 0.17 km −1 for MAO. For the SGP events, the environment is drier aloft at midlevels, and the level of minimum e is approximately 6 km. Since SGP MCSs originate within and ingest drier air, this potentially aids in the development of downdrafts. The e difference between the surface and the minimum level of e for SGP MCSs (approximately 23 K) is larger than for MCSs at MAO (approximately 14 K); however, the vertical gradient in the lower troposphere is relatively consistent across sites, resulting in similar mixing rates for downdrafts originating below ∼4 km. If downdrafts originate nearer to the level of minimum e at SGP, it is likely that mixing is occurring at rates comparable to = 0.29 km −1 . We note, however, that these are simplified mixing assumptions; we test such assumptions to inform decisions about interactions between downdrafts and their environments in GCMs, though we note that downdrafts need not be considered as a single plume descending toward the surface and mixing turbulently with the surrounding environment.
Summary
This study contrasts the characteristics of mature stage continental MCS events as collected by ARM RWP deployments for multiyear periods over tropical Amazon and midlatitude Oklahoma. The associated precipitation, cold pool, and dynamical characteristics have been evaluated to better quantify the kinematic structure and precipitation variability associated with MCSs and larger-scale environmental shifts therein. The effort also includes analyses to determine the possible origin heights of MCS downdrafts, with downdraft likelihood and intensity identified as a key discrepancy in the observed differences between these regions. Although the RWP observations and extremes reflect vertical velocity observations to scales O(<1 km), the mean and tail convective profile characteristics, probabilities, and downdraft mixing analyses have potential usefulness for improving MCS representations to coarser model scales. For example, several climate models (including the European Centre for Medium-Range Weather Forecasts Integrated Forecasting System and the Goddard Institute for Space Studies Model E2 GCM) assume constant mixing rate values (e.g., = 0.2 km −1 ). As suggested by our simple MCS analyses, if downdrafts originate nearer to the level of minimum e at SGP, it is likely that mixing is occurring at rates comparable to = 0.3 km −1 .
Overall, the key findings of this study are summarized as follows:
• The continental tropical and midlatitude MCS events in our data set share several mean properties of their convective lines, including rainfall rate intensity, total convective rainfall, and associated surface thermodynamic shifts within the convective cold pools. The primary precipitation change is in the fractional stratiform precipitation contribution to the total rainfall accumulation. SGP events suggest larger stratiform contributions when compared to MAO counterparts, attributed to the difference in background baroclinic forcing and/or additional life cycle sampling considerations associated with the regional data sets.
• The properties of the convective cold pools were observed to be similar for MAO and SGP events, typically associated with a 10-K drop in the surface e near convective line passage. The e drop demonstrates a modest correlation with the surface rainfall rate and the propensity to observe measurable precipitation. These behaviors are similar for both MCS locations. There is indication that cold pools from SGP events are associated with higher surface pressure increases and reduced temperatures, suggesting those cold pools as stronger for similar surface rainfall. This result is consistent with the expectation for additional evaporative cooling for drier thermodynamic profiles.
• Mean vertical velocity and mass transport profiles are constructed. Specific emphasis is placed on mean velocity profiles as a function of ETH and for more significant updrafts and downdrafts (|W| > 1 m/s). Mean profile shapes and magnitudes are initially similar when considering statistical properties from all MCS convective lines. However, when accounting for only significant vertical velocity regions (|W| > 1 m/s) or ETH variability, SGP profiles indicate more intense vertical motions with updraft magnitudes peaking to higher altitudes. Mass transport profiles are similar to the vertical velocity profiles. The Amazon MCS preferentially favor weaker, but mostly upward motions to most altitudes. These findings are consistent with enhanced background forcing and greater instability for SGP events.
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